show that experimental warming altered rates of life form cover change by reducing the negative effects of neighboring life forms and positive effects of bare ground. Furthermore, we show that our models can predict the observed direction and rate of life form cover change at burned and unburned long-term monitoring sites. Model simulations revealed that warming in unburned vegetation is expected to result in increased forb and shrub cover and decreased graminoid cover. In contrast, in burned vegetation, warming is predicted to slow post-fire regeneration in both graminoids and forbs and facilitate rapid expansion in shrub cover. These findings illustrate the applicability of modeling rates of vegetation change using experimental data. Our results also highlight the need to account for both disturbance and the abundance of other life forms when examining and forecasting vegetation dynamics under climatic change.
Introduction
Warming experiments have improved our understanding of how higher temperatures affect vegetation at individual, population and community scales. In high-altitude and high-latitude ecosystems, warming experiments have linked elevated temperatures to changes in plant phenology (Hoffmann et al. 2010) , leaf morphology (Hudson et al. 2011) , growth (Arft et al. 1999 ) and genetics (Jay et al. 2012) . By making these links, such experiments have provided insights into the mechanisms governing recent shifts in species' ranges (Pauli et al. 2007; Gottfried et al. 2012) , local extinctions (Dullinger et al. 2012 ) and changes in community composition and structure (Myers-Smith et al. 2011) .
All biological systems change in state over time. The state observations that researchers make are snapshots in time that arise from the product of multiple processes (e.g., growth and decay, birth and death, colonization and dispersal, extinction and speciation). Although studies using repeated sampling from warming experiments have provided invaluable information on the broad direction and magnitude of warming effects, they have typically done so via differences or ratios of state variables for control and manipulated groups observed at some point(s) in time. For example, most experimental warming studies (e.g., Hoffmann et al. 2010; Elmendorf et al. 2012; Wahren et al. 2013 ) have analyzed temporal observations via repeatedmeasures ANOVA or generalized linear models (GLMs) that include random effects for time. While such analyses account for the non-independence of observations through time by computation of appropriate F-ratios (Sokal and Rohlf 1995; Gelman and Hill 2007) , they do not estimate rates of change, and thus, are unable to forecast temporal changes in vegetation.
The importance of temporal dynamics was recently highlighted in a meta-analysis of the differences between warmed and control plots in tundra and alpine warming experiments (Elmendorf et al. 2012) . Nearly all fitted GLMs showed that the timespan which observations were made affected the magnitude of observed warming effects. Importantly, in those models, time commonly interacted with other covariates or displayed nonlinear effects. This suggests that warming effects on vegetation play out over time in complex ways. Because of this, a focus on how warming influences temporal dynamics is critical for predicting vegetation change under climate change.
However, to accurately predict temporal patterns in vegetation, models must also account for the effects of disturbance and biotic interactions, as well as how they may change as a consequence of altered climate. Disturbance regimes and biotic interactions both play a major role in the distribution and structure of ecological communities (Grime 1977; Pickett and White 1985; Brooker and Kikvidze 2008) . Both are also likely to change as a consequence of climate change (Tylianakis et al. 2008; Turner 2010) . For example, recent studies have shown that climate change can modify biotic interactions (Tylianakis et al. 2008) , particularly in temperature-limited ecosystems such as alpine environments (Callaway et al. 2002; Klanderud 2005) . As such, their interactive effects under climate change are likely to be complex and may exacerbate or negate how warming directly affects vegetation dynamics (e.g., Lantz et al. 2009) .
A large body of ecological theory has focused on the temporal dynamics of individuals (e.g., Richards 1959) , populations (e.g., Volterra 1926; Levins 1969; Hanski 1999) and communities (e.g., Tilman 1988; Chesson 1994) . Regardless of the focus or complexity of such theoretical models, they all concern rates of change. That is, at their core they contain a rate parameter that allows predictions of state at some future time step based on a set of initial values. However, as far as we know, there has been no experimental study that explicitly models rates of change as a consequence of climate change. We suggest that greater value can be added to experimental studies by addressing theory about rates of change and by utilizing the predictive capacity of such models. In other words, we advocate that studies that examine the effects of climate change on vegetation dynamics use models that explicitly estimate treatment effects and the influence of other covariates on rates of vegetation change, as opposed to testing for (or estimating) differences.
In this study we build and parameterize rate-of-change models by using data from an existing 7-year warming experiment established in Australian alpine heathland. Using these models we examine how the interactions between warming, the abundance of neighboring plants of other life forms (a measure of life form interaction), and bare ground (a continuous measure of past disturbance) affect rates of cover change, and thus temporal trajectories, in three dominant life forms-shrubs, graminoids and forbs. We then examine whether these rate models can predict life form cover trajectories observed in burned and unburned alpine heathland long-term monitoring sites and how these trajectories may change under climatic warming.
Materials and methods

Study location
To parameterize our rate models we used four Australian International Tundra Experiment (ITEX; Molau and Møl-gaard 1996) sites situated on the Bogong High Plains, in Australia's south-eastern highlands. These sites are unique in that they are the only ITEX sites currently established in the southern hemisphere and also the only ITEX sites that incorporate fire into the experimental design (Jarrad et al. 2008) .
The Australian Alps have high conservation significance; they occupy less than 0.15 % of the continent and contain high levels of invertebrate, vertebrate and plant endemism (Williams et al. 2014 ). The alpine 'treeless' zone occurs over a narrow altitudinal range (ca. 1600-2200 m a.s.l.) and contains no nival zone to which species can migrate. Consequently the ecosystem is considered highly vulnerable to climate change (Williams et al. 2014) . Since 1979, mean growing season temperatures in the Australian Alps have risen by approximately 0.4 °C, and annual precipitation has fallen by 6 % ) with a consequent decline in the snow pack (Sánchez-Bayo and Green 2013). The Alps have also been subject to recent drought (Griffin and Hoffmann 2012) , and were extensively burned by wildfires in 2003 .
The vegetation is a mosaic of Eucalyptus woodland and treeless vegetation, with the latter largely consisting of heathlands and tussock grasslands, but also herb fields and wetlands (McDougall and Walsh 2007) . Invertebrates are the dominant herbivore in the Australian Alps (Nash et al. 2013; Williams et al. 2014) . However, prior to 2003 and the commencement of this study, the Bogong High Plains were subject to a century of summer grazing by cattle (Wahren et al. 1994; Williams et al. 2014) . This resulted in reductions in abundance of forbs and palatable shrubs and increases in bare ground (Wahren et al. 1994 ). Long-term monitoring suggests that these changes are not permanent and that shrub and forb abundances may recover while bare ground cover may slowly decline (Williams et al. 2014) .
Experimental design
Consistent with other ITEX sites, open-top chambers (OTCs) (Molau and Mølgaard 1996) were used to simulate warmer conditions. In late 2003, OTCs were established at four sites at approximately 1750 m a.s.l. (Jarrad et al. 2008) . Two sites were located in vegetation thought to be unburned since 1939, and two others were in vegetation burned by the fires of January 2003. Sites were a minimum of 500 m apart and burned sites were approximately 2 km away from unburned sites. In total, eighty 1-m 2 plots were established. Each unburned site consisted of 26 experimental plots (13 OTC, 13 control) and each burned site had 14 plots (seven OTC, seven control). Within each site, plots were randomly located along permanent transects 10 m apart, and then randomly allocated as either a control or OTC (see Jarrad et al. 2008 .5-m high) shrub species such as G. australis because they exceeded the scale of investigation (i.e., they were larger than the 1-m 2 plot). Instead, the dominant shrubs within plots were prostrate evergreen shrubs: Asterolasia trymalioides (Rutaceae), Pimelea alpina (Thymelaeaceae) and Pimelea axiflora (Thymelaeaceae). All sites were considered to have similar cattle grazing history. As a consequence, grazing history was not confounded with site differences or experimental treatment.
OTCs were hexagonal, 58 cm tall with an open-top diameter of 110 cm and base diameter of 168 cm. OTCs were placed over plots each year at the start of the snowfree period (October), where they remained until snowfall (early June). Temperatures in both control and OTC plots were measured using Onset four-channel temperature loggers (Onset, Bourne, MA). Loggers were randomly installed into four control and four OTC plots at each unburned site and two control and two OTC plots at each burned site. Each logger measured ambient (5 cm above ground) and soil surface (1-2 cm below ground) temperature at hourly intervals from 2004 to 2010. In 2010, following the collection of data used in this study, eight Onset Micro Stations were randomly installed into four control and four OTC plots at one of the unburned sites. These Micro Stations measured volumetric soil moisture between 3 and 10 cm below ground at hourly intervals from 2010 to 2013. To ensure OTC treatment soil moisture differences were in the same direction and of similar magnitude across all sites, a Theta probe (type ML2x; Delta-T Devices, UK) was used to take five replicate measurements of volumetric soil moisture from each plot in all four sites in November and May 2010-2012 . Over the duration of the experiment, OTCs simulated the lower end of Intergovernmental Panel on Climate Change predictions (IPCC 2013) by passively raising daily mean growing season ambient and soil surface temperatures by 1.1 °C [±0.1; 95 % confidence interval (CI)], and minimum and maximum ambient temperatures by 2 °C (±0.2; 95 % CI). Daily soil moisture in OTC plots was also consistently 4 % (±0.1; 95 % CI) lower than in controls between 2010 and 2013 for all sites regardless of whether or not the site had been burned. As such, experimental warming induced both warmer and drier conditions.
Vegetation and ground cover measurements
Foliage projective cover of all species in each plot was estimated biennially in January 2004-2010 using a 1-m point-frame with 100 points in a 10 × 10 grid with 10-cm spacing (Molau and Mølgaard 1996) . At each point, we recorded the presence of each species and the amount of bare ground. As our central focus was on producing a general model of vegetation cover, we assigned each species to one of three dominant life forms (shrub, graminoid or forb) and calculated the number of hits per life form and ground cover type for each plot. We focused on these three life forms for four reasons: both experimental and natural observation studies indicate they can summarize and predict broad community trajectories under global change (Chapin and Shaver 1996; Elmendorf et al. 2012) ; they are well understood by both land managers and the broader scientific community; adding additional functional groups would greatly increase the number of parameters to be estimated; and most importantly, our plots contained insufficient or highly unbalanced numbers of species to estimate representative experimental warming responses in finer functional groups (e.g., exotics vs. natives, annuals vs. perennials, reporters vs. seeders), with the vast majority of species being native, perennial resprouters.
Data analysis
We used hierarchical GLMs to estimate rates of temporal life form cover change as a function of experimental warming, the abundance of neighboring life forms, and the abundance of bare ground. Hierarchical models, also known as multi-level models, are well suited to data sets that have a hierarchical structure (e.g., plots within sites) because they can account for observation error and partition both explained and unexplained variation at multiple levels of a data set (Gelman and Hill 2007) . In our models, experimentally manipulated (i.e., OTC treatment) and unmanipulated variables (i.e., the abundance of neighboring life forms and bare ground) were all treated as covariates affecting rates of cover change (Fig. 1) .
Because we were interested in rates of cover change but our observations were of the number of hits for each life form (an estimate of cover), y, for each plot i and census t, we first modeled the data as random independent realizations from a binomial distribution:
where p i,t is the predicted probability that a life form occupies a given point for plot i at census t and 100 equals the number of sample trials per plot.
Using a logit-link, p i,t was modeled as the sum of the mean rate of cover change, λ i,t , and p i,t−1 , the predicted probability in a plot in the previous sampling period:
We used a logit-link because the underlying observations (i.e., presence of a life form at a point) were binary, but also because it implicitly allows the model to account for density dependence at both low and high abundance (i.e., via a sigmoidal curve). That is, at low cover, rates of cover increases are limited due to low recruitment potential (few occupied points), whereas at high cover, rates are constrained because of limited space (few unoccupied points).
(1) Fig. 1 Diagram summarizing hierarchical structure of rate model. Subscript i refers to plots, j to sites and t to sampling census. OTC Open-top chamber λ i,t was modeled as a linear function of covariates at two spatial scales (site and plot):
where α i [j] is the varying intercept for each site j to which plot i belongs (interpreted as the mean rate of cover change for each site), β is a vector of stationary (time invariant) coefficients and X is a vector of associated linear predictors for each plot i and census t combination. ɛ i is the residual plot-level variation.
Varying site intercepts, α j , were drawn from a normal distribution:
where β 0 is the mean rate of cover change across all sites and σ site is the associated SD (estimated from uninformative priors; see Bayesian implementation). Residual plot variation, ε i , was estimated from a normal distribution centered on zero and σ plot (estimated from uninformative priors; see Bayesian implementation):
Parameters Plot-level covariates used to estimate rates of cover change included experimental treatment (i.e., OTC or control) as well as the cover of bare ground and cover of other life forms within the same plot (hereafter referred to as 'neighboring life forms') at the previous census, t − 1. We used the cover of neighboring life forms at t − 1 as a measure of life form interaction because it varied over time as well as between plots and sites. But more importantly, it provides insights into how the abundance of a life form influences the dynamics of another. Bare ground was also included as a time-dependent plot-level covariate because: (1) it too varied between years, plots and sites; (2) it is correlated with the occurrence and severity of fire and other disturbances (e.g., frost heave and grazing) Wahren et al. 2013) ; (3) it is a determinant of colonization opportunity (Williams 1992; Lantz et al. 2009 ); and (4) it is a continuous variable that is directly measurable at the plot level (i.e., the level at which we observe life form cover changes). We did not fit a binary fire effect at the site level for two reasons. First, preliminary analyses showed that the level of replication (n = 2) was insufficient to estimate a burning effect. Second, and more importantly, fitting a binary (burned/unburned) parameter to a ratechange model, or analyzing burned and unburned sites separately, produces biologically unrealistic models because they assume that the magnitude of burning effects remains constant over time (i.e., a burned site never recovers to an unburned state). Instead, the effect of fire (and other disturbances that create bare ground) on rates of life form cover
change was implicitly examined via changes in bare ground and neighboring life form abundance.
We were unable to include soil moisture as a covariate within our models because it was not measured at the same time as the life form abundance data, consequently, its effect on rates of change could not be assessed. However, treatment differences in soil moisture are implicitly incorporated into the OTC-modeled parameter because, compared with the control treatment, the OTCs resulted in both warmer and drier conditions (see "Experimental design"). Other climate variables, such as annual rainfall and mean growing season temperature, were not included as modeled parameters because the number of censuses (n = 4) was insufficient to accurately estimate an effect on rates of change. However, with continued sampling resulting in longer time series we envisage that these variables will eventually be included and may further improve models by explaining inter-annual variation.
Cover estimates of neighboring life forms and bare ground were logit transformed so that we could accurately estimate means and SDs needed for centering and scaling (see below). However, because some cover values were 0 or 100 % (and thus could not be logit transformed), we first multiplied estimates by 0.995 and then added a small constant (0.004). Each covariate was then centered on zero (by subtracting the mean) and standardized by two SDs (see Electronic Supplementary Material S1) (Gelman and Hill 2007). Centering coefficients allows them to be interpreted more easily, with intercepts interpreted as average responses and slope terms as partial dependencies conditional on other continuous variables at their mean. Furthermore, standardizing by two SDs allows the magnitude of effects to be compared between binary (i.e., OTC treatment) and continuous variables (i.e., the cover of bare ground and neighboring life forms) (Gelman and Hill 2007) . Because we were interested in whether experimental warming could alter the effects of neighboring life form and bare ground abundance, we included associated twoway interactions with the OTC treatment. The direction and uncertainty of covariate effects on rates of cover change was determined using "inference by eye" (Cumming and Finch 2005) . The advantage of this approach over reporting p-values is that the inference by eye approach highlights both the effect size and its associated uncertainty, allowing the reader to make his/her own decision on whether the effect is "biologically significant." To further aid in determining where most variation occurred we also included 80 % credible intervals.
Bayesian implementation and prior distributions of parameters
We used Bayesian inference and therefore needed to specify prior distributions for all model parameters. The response (i.e., the probability of being at a point in a plot) was binary, so we used weakly informative Cauchy priors as recommended by Gelman et al. (2008) . Regression coefficients, which model variation in rate of cover change for each life form (see Eq. 3), were drawn from Cauchy distributions with prior mean 0 and prior scale 2.5. The mean rate across sites, β 0 (i.e., the mean hyper-parameter used to estimate the varying site intercepts) was drawn from a weaker Cauchy distribution with prior mean 0 and prior scale 10. This weaker prior acknowledges that effect sizes (i.e., regression coefficients) are more constrained than intercepts (Gelman et al. 2008) . Site-(σ site ) and plot-level variation (σ plot ) were drawn from positive half Cauchy distributions truncated at 0, with a prior mean of 0 and prior scale of 25 as recommended by Gelman (2006) . We initialized the model by estimating the cover of each life form at t = 1 using an uninformative normal prior with a mean of 0 and a SD of 100. Models were fitted using Markov chain Monte Carlo sampling in R 2.15.1 using package R2jags version 0.03-08 (Su and Yajima 2012) as an interface to JAGS 3.3.0 (Plummer 2011) . Three chains were monitored to ensure convergence. We assessed convergence through visual inspection of chains and reference to the BrooksGelman-Rubin convergence diagnostic (Brooks and Gelman 1998) . For all models, posterior distributions of each parameter always converged within 50,000 iterations. After discarding the first 50,000 iterations as burn-in, a further 50,000 iterations were taken from the joint posterior and thinned to every 50th sample. Sample JAGS code for the model is provided in Electronic Supplementary Material S2.
Model checks, hind-casting and simulating vegetation change
The residuals of each model were checked graphically against predicted cover and none showed any systematic pattern or severe heteroscedasticity. To ensure all parameters were identifiable we selectively removed each covariate and visually inspected whether the direction and magnitude of effects were severely altered; none were. Overall predictive fit of each life form model was examined by calculating the R 2 between experimental observations and model fit without random effects.
To assess the transferability of our models beyond the four experimental sites and at a larger spatial scale (approximately 1 ha), we hind-casted temporal changes in life form cover at two nearby heathland reference sites, each within 5 km of the experimental sites. The 2003 fires burned one site and the other remained unburned. We then compared model predictions to biennial observations from 2003 to 2013. These sites were floristically similar to the experimental sites (i.e., were open-grassy-heathland), were approximately 1 ha in area and yielded a decade (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) of life form and bare ground cover observations measured from point quadrats along permanent reference transects (see Wahren et al. 2013) . In order to hind-cast community level changes, we merged the three life form models into a single model that used posterior parameter distributions of β 0 , the mean cover across all sites, and other covariates from the three models related to unwarmed conditions (i.e., not including OTC parameters). This allowed for the model to simultaneously estimate the abundance of each life form in each year based on the cover of bare ground (supplied-see below) and the predicted cover of neighboring life forms. To initialize the model, we used 2003 observed life form covers. Because we did not have a model to predict temporal changes in bare ground, we supplied observed estimates of its cover for all years. These initial covers were then logit transformed and centered and standardized based on experimental means and SDs (see Electronic Supplementary Material S1). We then simulated the model 3000 times for each year to produce a reliable estimate of the mean cover for each life form. We then plotted these predictions against observations. Lastly, to examine the potential of warmer climate resulting in compositional shifts in life form abundance we used these models to simulate warmed and unwarmed conditions for burned and unburned alpine heathland using the initial 2003 conditions obtained from the long-term monitoring sites.
Results
Observed cover changes in experimental plots
Pooling across plots and sites (i.e., ignoring variation in bare ground or life form covers) indicated that experimental warming had negligible effects on the average cover of shrubs, graminoids and forbs (Fig. 2) . Instead, whether vegetation was burned or unburned appeared to have the strongest effect on cover, with shrubs increasing from 4 to 11 % from 2004 to 2010 in unburned sites but remaining low (approximately 2 %) in burned sites (Fig. 2a, b) . By contrast, and over the same period, cover of graminoids decreased by 20 % in unburned sites but increased by approximately 40 % in burned sites (Fig. 2c, d ). Forb cover increased regardless of burning (Fig. 2e, f) . At the first census, approximately 10 months post-fire, bare ground cover was on average 2 % higher and three times as variable at burned sites compared to unburned sites (range 0-33 and 0-10 %, respectively; Fig. 2g, h) ; a difference maintained over the duration of this study. Experimental warming did not influence the temporal pattern of bare ground cover in either burned or unburned vegetation in any year.
Model fit to experimental data
Predictive model fit (i.e., only using the fixed coefficients) to experimental data was high for forbs (R 2 = 77 %), moderate for shrubs (R 2 = 58 %) and low for graminoids (R 2 = 13 %). Rates of cover change varied among sites and plots, with the amount of unexplained variation at each level dependent on life form (Table 1 ). In graminoids, the weaker predictive fit was largely due to high levels of unexplained variation between sites, with a SD nearly three times that of the SD among plots (Table 1) . By contrast, the magnitude of unexplained variation for shrubs and forbs was less compared to graminoids and was evenly split between site and plot levels. 
Effects of experimental warming, bare ground and neighboring life forms
Effects of experimental warming on rates of cover change were small and 95 % credible intervals overlapped zero for all three life forms (Fig. 3) . Instead, rates were strongly influenced by the abundance of other neighboring life forms (Fig. 3) . The effects of neighboring life forms were predominately negative: rates of graminoid cover change decreased with increasing forb abundance and rates of forb and shrub cover change declined with increasing graminoid abundance (Fig. 3) . Shrub abundance did not affect graminoids and had a marginal negative effect on forbs. Thus, the abundance of neighboring life forms tended to reduce the rates of cover expansion, and in some sites (e.g., graminoid cover in site 2; Fig. 3 ) exacerbated life form declines. Bare ground, an indicator of both disturbance and recruitment opportunity, had predominately negative (90 % of credible interval is negative) effects on rates of shrub cover change, but positive effects on rates of graminoids and forbs cover change (98 % of credible interval is positive for both life forms; Fig. 3 ).
Experimental warming interactions
Experimental warming affected rates of life form cover change by reducing the negative effects associated with neighboring life forms and the positive effects associated with bare ground (Fig. 3) . For example, forbs growing in OTCs exhibited higher rates of cover change compared to those growing in control plots because the positive warming-graminoid interaction negated the negative direct effect of graminoid abundance (see Fig. 3 ). By contrast, in graminoids, experimental warming increased negative effects associated with shrub abundance and negated the positive effect of bare ground, but not the negative effect of forb abundance. As a consequence, warming exacerbated declines in graminoid cover in unburned vegetation (via more negative rates) and decreased recovery rates in burned vegetation relative to graminoids growing under control conditions. A summary of modeled changes in bare ground and life form interactions under control and OTC conditions is supplied in Fig. 4a , b, respectively.
Hind casting-comparing model predictions against long-term monitoring observations
Our rate-change models, fitted using the warming experiment, predicted the overall trajectory of life form cover change in both burned and unburned long-term heathland monitoring sites, though not in detail (Fig. 5) . Specifically, the model was predictive of the lack of shrub cover change in both burned and unburned vegetation with mean predictions falling between the 2.5th and 97.5th observed percentile for all years (Fig. 5a, b) . The model was also predictive of graminoid post-fire regeneration (Fig. 5d ), but failed to account for its sharp decline (and subsequent regeneration) in unburned sites during the severe drought between 2007 and 2009 (Fig. 5c ). Forb predictions captured general trajectories but slightly overestimated forb cover in unburned vegetation (Fig. 5e ) and underestimated cover in burned vegetation (Fig. 5f ).
Simulating warming effects in burned and unburned alpine heathland
Simulated changes in life form composition for unburned alpine heathland indicated that cover of shrubs and forbs is likely to increase at a higher rate under warmer conditions (Fig. 6a) . This was predominately due to graminoid cover substantially decreasing under warmer conditions as a product of increased negative effects associated with shrub abundance and decreased positive effects associated with bare ground (Figs. 3, 4) . These same warming effects were also predicted to reduce graminoid post-fire regeneration, which may allow for increased rates of shrub regeneration, which in turn, may decrease rates of forb recovery (Fig. 6b) .
Discussion
In this study, we built and parameterized rate-change models using data from a 7-year warming experiment. These models allowed us to examine how experimental warming and the abundance of bare ground and neighboring life forms interact to affect rates, and thus trajectories, of cover change in three dominant life forms-shrubs, graminoids and forbs. We showed that experimental warming altered rates of life form cover change by reducing negative effects associated with neighboring life form abundance and positive effects of bare ground. These models also predicted broad directions and rates of past life form cover trajectories at burned and unburned alpine heathland sites. Furthermore, model simulations suggest that warming in unburned vegetation would decrease graminoid cover and increase the rates of forb and shrub cover growth. By contrast, in burned vegetation, warming is expected to slow post-fire regeneration in both graminoids and forbs while facilitating the rapid expansion in shrub cover.
The lack of direct experimental warming effect
The muted direct effect of experimental warming on rates of cover change in all three life forms may be due to idiosyncratic responses of species within life forms (Dormann and Woodin 2002) . However, in all cases the uncertainty around the OTC parameter was small, indicating that idiosyncratic responses are unlikely to be large. Instead, it may be that, for species inside our plots, photosynthesis and respiration are not significantly altered by the 1.2 °C temperature rise during the growing season when the OTCs are on the plots. Chapin (1983) and Körner (2003) suggested that, for alpine and polar plants, a negligible growth response to warmer spring and summer months may be because rates of photosynthesis are not limited by growing season temperatures. This is because many cold-adapted plants can reach optimum rates of photosynthesis at lower temperatures (~15 °C) relative to temperate species (~25 °C). Moreover, alpine and arctic plants have wide temperature-response curves, allowing substantial rates of photosynthesis even at 0 °C (Chapin 1983; Körner 2003) .
Microclimate data collected from our plots suggest mean growing season temperatures experienced at the plant level (5 cm above ground) are 9-12 °C, which is already close to optimum for photosynthesis in alpine plants. Thus, increasing temperatures by 1.1 °C during the growing season may not necessary elicit a strong physiological response that is ultimately expressed as altered rates of cover change. However, winter warming, which was not examined in this study, may have significant effects on vegetation dynamics by increasing snowmelt and exposing plants to more frequent low-temperature extremes (Wipf et al. 2009 ). Bertness and Callaway (1994) proposed that low temperatures in alpine and arctic ecosystems "stress" plants and allow positive instead of negative plant-plant interactions to predominate. As such, an expectation is that experimental warming should reduce low temperature stress and increase the strength of negative interactions in alpine plants. Such responses have been observed in several experimental warming studies (e.g., Klanderud 2005; Olsen and Klanderud 2013 ). Yet, contrary to these expectations, we found that life form interactions were mostly negative and that experimental warming decreased, rather than increased, these negative effects. One possible explanation is that OTCs increased plant stress by reducing soil moisture during a period when plant-available water is limited. Water availability is known to be a major determinant of vegetation change in alpine and arctic environments (le Roux et al. 2013 ) and can alter the magnitude of experimental warming effects (Elmendorf et al. 2012 ). In the meta-analysis by Elmendorf et al. (2012) , our sites were considered warmer and drier relative to most other alpine and arctic experimental sites examined. Furthermore, the data used in this study were collected during part of the driest 13-year period (1996-2009) on record for south-eastern Australia since the late 1880s ). This drought has been correlated with a 25 % reduction in alpine grass cover at long-term monitoring sites on the Bogong High Plains ) and significant mortality in both shrubs (Morgan 2004 ) and grasses (Griffin and Hoffmann 2012) . Our microclimate data suggest that from 2003 to 2010 OTCs were likely to have on average 4 % less soil moisture than control plots (see "Experimental design"). Studies of arid and semi-arid vegetation have shown that lower water availability increases the importance of positive plant-plant interactions (Pugnaire et al. 2009 ). However, in alpine and arctic ecosystems, water is often considered not to be limiting and hence few studies have assessed whether it influences alpine plant-plant interactions (e.g., Cavieres et al. 2006) . We suggest that the shift from negative to neutral interactions with neighboring life forms may reflect the drier conditions experienced within OTCs. Here a decrease in soil moisture, particularly during drought, may shift the net effect of neighboring plants from negative to neutral as neighbor protection from both drying winds and high temperature extremes becomes more important.
Life form interactions and experimental warming
Effects of bare ground
Disturbance at various temporal and spatial scales affects vegetation dynamics in all plant communities (Pickett and White 1985; Turner 2010) . In the Australian Alps vegetation cover is high (>95 %) and the total area suitable for seedling colonization is low (Williams et al. 2014) . However, disturbances such as frost heave, herbivory and fire can rapidly facilitate colonization by creating bare ground and reducing competition from surrounding vegetation (Williams 1992) . In the present study, bare ground had a positive effect on rates of graminoid cover change. However, this effect was negated in warmed plots by a negative bare ground-OTC interaction. A possible explanation for this is that experimental warming may increase the frequency and duration of high lethal temperatures experienced in bare ground patches [which have been observed to reach up to 80 °C (Williams 1985) ], and thereby inhibit the colonization and survival of graminoid seedlings. However, further research is required to quantify the actual mechanisms behind such an effect.
Simulating temporal changes in life form abundance in burned and unburned heathland Fire activity is projected to increase in many ecosystems worldwide (Westerling et al. 2011; Turetsky et al. 2011) . In south-eastern Australia, the severity of fire weather has increased in recent decades (Clarke et al. 2013 ) resulting in increased fire activity in the Australian alpine bioregion (Bradstock et al. 2014) . Future warming and drying is likely to exacerbate this trend. Thus, to accurately forecast rates and trajectories of vegetation change it is crucial to understand how climate affects vegetation dynamics in both burned and unburned conditions. Using bare ground as a continuous measure of past disturbance, our models predict that the cover of shrubs and forbs in unburned heathland will increase at a higher rate under warmer conditions. This occurs because warmer conditions substantially decrease graminoid cover by increasing negative effects associated with shrub abundance and decreasing positive effects associated with bare ground. This prediction is consistent with long-term monitoring observations across the unburned sections of the Bogong High Plains, with temperatures increases (0.4 °C) and precipitation declines (6 %) since 1979 being correlated with a 25 % decline in graminoids and a 20 and 9 % increase in shrubs and forbs, respectively . Our simulations also suggest that these same warming effects will reduce the rate of graminoid post-fire regeneration, which in turn will allow for faster shrub regeneration (via decreased graminoid abundance), and consequently, slower forb regeneration (via increased shrub abundance). The findings of this study highlight that models of vegetation change need to account for both direct and indirect effects of warming. Furthermore, we suggest that current and future experimental warming studies focus on modeling rates of change, as opposed to differences or ratios of state variables for control and treatment groups observed at some point(s) in time. We also believe that, with continued sampling and longer time-series, these rate models can be extended to incorporate inter-annual variability in temperature and moisture, further improving predictive capacity. By modeling rates, the utility of experimental work will be greatly extended, particularly for forecasting vegetation dynamics under climatic change.
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